ABSTRACT BACKGROUND: Oxytocin (OXT) modulates several aspects of social behavior. Intranasal OXT is a leading candidate for treating social deficits in patients with autism spectrum disorder (ASD), and common genetic variants in the human OXTR gene are associated with emotion recognition, relationship quality, and ASD. Animal models have revealed that individual differences in Oxtr expression in the brain drive social behavior variation. Our understanding of how genetic variation contributes to brain OXTR expression is very limited. METHODS: We investigated Oxtr expression in monogamous prairie voles, which have a well-characterized OXT system. We quantified brain region-specific levels of Oxtr messenger RNA and oxytocin receptor protein with established neuroanatomic methods. We used pyrosequencing to investigate allelic imbalance of Oxtr mRNA, a molecular signature of polymorphic genetic regulatory elements. We performed next-generation sequencing to discover variants in and near the Oxtr gene. We investigated social attachment using the partner preference test. RESULTS: Our allelic imbalance data demonstrate that genetic variants contribute to individual differences in Oxtr expression, but only in particular brain regions, including the nucleus accumbens, where oxytocin receptor signaling facilitates social attachment. Next-generation sequencing identified one polymorphism in the Oxtr intron, near a putative cis-regulatory element, explaining 74% of the variance in striatal Oxtr expression specifically. Males homozygous for the high expressing allele display enhanced social attachment. CONCLUSIONS: Taken together, these findings provide convincing evidence for robust genetic influence on Oxtr expression and provide novel insights into how noncoding polymorphisms in OXTR might influence individual differences in human social cognition and behavior.
Oxytocin (OXT) is a neuromodulator that influences reproductive and social behavior through signaling via a single G protein-coupled oxytocin receptor (OXTR) in the brain. The OXTR affects a range of social behaviors in animals, including maternal nurturing and bonding (1, 2) , social reward and gregariousness (3, 4) , social recognition (5) , and pair bonding in monogamous species (6) (7) (8) . It has been proposed that OXT influences these complex social behaviors by increasing the salience and reinforcing value of social stimuli (9) .
In humans, intranasal OXT reportedly enhances many aspects of social cognition, including trust, emotion recognition, and eye gaze (1, 10) . Individual reports of the effects of intranasal OXT should be interpreted cautiously (11) . Nevertheless, the OXT system is a leading candidate target for improving social function in patients with psychiatric disorders such as autism spectrum disorder (ASD) and schizophrenia (12) (13) (14) (15) (16) (17) , and one report suggested that OXTR expression may be reduced in ASD (18) . Single nucleotide polymorphisms (SNPs) in noncoding regions of the human OXTR gene have been associated with pair bonding behaviors (19) , parenting (1) , face recognition skills (20) , and autism (21) . Some individuals have heterogeneous responses to OXT (22, 23) , which may involve interaction with OXTR genetic polymorphisms (24) (25) (26) (27) . Early life stress in humans can interact with OXTR variation to influence adult social behavior and emotional regulation (28) (29) (30) (31) . Despite these many associations with human social behavior and disorders, the neural mechanisms by which noncoding SNPs in OXTR could influence behaviors has yet to be explored.
One potential mechanism is that typical expression of OXTR is disrupted when such SNPs occur in regulatory elements (REs) that primarily lie within noncoding portions of the DNA (cis-REs). The OXTR is distributed throughout the brain of many vertebrates, and the pattern of OXTR distribution is diverse among species (32, 33) . Within regions of crucial behavioral circuits such as the mesolimbic reward (MLR) network and social decision making network, OXTR is often enriched and appears to modulate these networks to generate speciesspecific social strategies, such as monogamous social attachments (32) and social gregariousness (7) . Thus, the manner in which the Oxtr gene is regulated among species appears to have profound consequences for the manner in which neural networks activate in response to the social environment.
In a socially monogamous rodent, the prairie vole (Microtus ochrogaster), OXTR is enriched in important MLR regions such as the nucleus accumbens (NAc) and prefrontal cortex that constitute part of a neural network for pair bonding (2, 6, 8) . The OXTR density is much higher in the NAc of prairie voles than promiscuous vole species, and OXTR signaling in the NAc is required for mating-induced partner preference formation, a laboratory proxy of pair bonding (6) . Infusion of an OXTR antagonist into the NAc or the prefrontal cortex, but not the caudate putamen (CP), blocks mating-induced partner preferences in females (34) and males (A.C. Keebaugh and L.J.Y., unpublished data).
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The OXTR density also varies among individual prairie voles, especially in the NAc and the CP (35) . Increasing OXTR density in the NAc using viral vector-mediated gene transfer facilitates partner preference formation, whereas decreasing OXTR density in the same region using RNA interference inhibits such bonding (36) (37) (38) . Variation in NAc OXTR density is correlated with individual differences in monogamy-related behavior in males in naturalistic settings (39) . Furthermore, variation in prairie vole NAc OXTR confers susceptibility or resilience to the effects of daily neonatal isolations, a model of neglect, in relation to the ability to form social attachments as adults (40) . Mechanisms responsible for OXTR diversity in the NAc in the prairie vole may be important determinants of individual differences in social behavior as well.
One likely causal explanation for OXTR diversity is that genetic polymorphisms in cis-REs regulating Oxtr generate variation in expression in a brain region-specific manner. Variation in gene expression mediated by cis-REs plays an important role in evolutionary phenotypic change (32, (41) (42) (43) (44) (45) . In prairie voles, a microsatellite in the 5 0 flanking region of the vasopressin receptor gene (Avpr1a) containing cis-REs has been shown to have functional influence over species differences and individual variation in Avpr1a expression and is associated with variation in social behavior (46, 47) . The influence of cis-REs can be detected by assaying for allelic imbalance, which is observed when two alleles of a gene in a heterozygous individual are expressed at different rates, creating an imbalance in the respective messenger RNAs (mRNAs) (48) (49) (50) . Any differences in mRNA levels between alleles occur in the same nuclear environment, where both alleles should be affected equally by environmental, hormonal, or epigenetic factors, unless cis-REs proximal to the alleles are variable. Allelic imbalance is commonly observed in a tissue-specific manner (50, 51) .
To determine whether prairie vole Oxtr gene expression is influenced by polymorphic cis-REs, we analyzed brain regionderived mRNA for allelic imbalance in animals heterozygous for a SNP in the Oxtr transcribed region. We found that robust allelic imbalance of Oxtr occurs within the striatum, but not in several other brain regions. Voles with alternative homozygous genotypes for this SNP had significant differences in OXTR density in NAc. Finally, to gain a more thorough understanding of the relationship between genetic polymorphisms in the prairie vole Oxtr and neural OXTR density, we sequenced 70 kb of DNA around the gene in 45 voles. We observed strong associations between several genetic markers and OXTR density that were particularly robust in the NAc. A bioinformatics analysis using ENCODE (ENCyclopedia Of DNA Elements) data suggests that an intronic SNP is the most likely functional candidate for further investigation. This intronic SNP is strongly associated with OXTR density in the NAc and was found to be associated with the propensity to form social attachments. Our results demonstrate for the first time that noncoding SNPs in the Oxtr can profoundly predict OXTR binding and Oxtr expression in a brain region-specific manner. These findings implicate that cis-regulation drives the remarkable variation in Oxtr transcription and has a more modest, but significant, influence on social behaviors. This is the first study to demonstrate that SNPs in the noncoding region of the OXTR robustly affect receptor density in the brain. 
METHODS AND MATERIALS Animals

Allelic Imbalance
Subjects were euthanized with carbon dioxide. Brains were frozen in crushed dry ice and stored at 2801C. Nucleic acids for the allelic imbalance assay were isolated from microdissected brain tissues using the QIAGEN mRNA/DNA Micro Kit. For details, see Supplement 1.
Long-Range Polymerase Chain Reactions for Target Enrichment of 70 kb Surrounding Oxtr DNA was isolated from previously sectioned brains stored at 2801C with the QIAGEN DNeasy Kit. All polymerase chain reactions were performed using the QIAGEN LongRange PCR Kit. There were 10 loci 6.6-10 kb amplified. For details, see Supplement 1.
Amplicon Library Preparation
Sequencing library preparation and sequencing analyses were performed by the Yerkes Nonhuman Primate Genomics Core (Atlanta, Georgia). Polymerase chain reaction amplicons from each animal were pooled and cleaned using Solid Phase Reversible Immobilization (SPRI) beads (Beckman Coulter, Brea, California). Libraries were generated using the Illumina Nextera XT DNA Library Prep Kit (Illumina, Inc., San Diego, California), and dual barcoding and sequencing primers were added according to the manufacturer protocol. Libraries were validated by microelectrophoresis, quantified, pooled, and clustered on Illumina TruSeq Cluster Kit v3. The clustered flow cell was sequenced on an Illumina HiSeq 1000 in 100-base single-read reactions.
Amplicon Sequencing Analysis
Sequencing reads were mapped to Microtus ochrogaster target 220 haplotype 2 genomic scaffold (DP001215.2) using the Burrows-Wheeler Aligner (bwa version 0.7.10) (52). The aligned reads were processed with the DNAseq variant analysis workflow of the Genome Analysis Toolkit (GATK version 3.2.2) (53), including marking duplicate reads and local realignment around insertions/deletions. Variants were called on a per-sample basis and combined to produce a joint variant call file.
OXTR Autoradiography
OXTR autoradiography was performed as previously reported (36) . For details, see Supplement 1.
In Situ Hybridization
Sense and antisense 35 S-UTP-labeled RNA probes
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for prairie vole Oxtr mRNA were generated as described previously (54) . For details, see Supplement 1.
Partner Preference Test
The partner preference was performed as previously described (55) . For details, see Supplement 1.
Statistical Analysis
All statistical analyses were performed in the R statistical software package version 3.1.1 (R Project for Statistical Computing, Vienna, Austria), unless stated otherwise. Associations between genetic information and brain data were examined using linear regression with Bonferroni corrections for multiple comparisons. Regarding the factor analyses, to determine how many factors to extract, we used the nFactors package in R, and the factor extraction decisions were based on the eigenvaluesgreater-than-one rule, parallel analysis, the optimal coordinates method, and acceleration factor. Exploratory factor analyses were performed with the factanal( ) Q6 function, using "varimax" as the rotation method. Processing of next-generation sequencing data was performed in VCFtools, a program package designed for working with variant cell format files from sequencing projects (56) . For associations between individual markers in the Oxtr sequence and autoradiography expression data, linear regressions were performed using PLINK/SEQ, an open-source library for working with genetic variation data (https://atgu.mgh. harvard.edu/plinkseq/). For further details see Supplement 1.
RESULTS
As expected based on previous experiments, the NAc and CP exhibited more individual variation in OXTR density than other brain regions ( Figure 1A -C). Furthermore, OXTR binding density appeared to be correlated with Oxtr mRNA levels based on in situ hybridization signal ( Figure 1A ). To test the hypothesis that the high variability in OXTR density within the NAc was due to the influence of putative cis-REs, we first assayed for allelic imbalance. We sequenced the transcribed region of the Oxtr in a small sample of voles to identify any SNP in our prairie vole colony with a relatively high minor allele frequency. One SNP in the 3 0 UTR (minor allele frequency 33%), heretofore referred to as NT204321 based on the position of this nucleotide on a sequenced prairie vole bacterial artificial clone (DP001215.2) (57), was identified using this method. In heterozygous animals for this SNP, we found significant allelic imbalance in NAc (complementary DNA [cDNA], 3.16; genomic DNA [gDNA] threshold, 1.11), CP (cDNA, 5.24; gDNA threshold, 1.13) and, to a lesser degree, amygdala (cDNA, 1.19; gDNA threshold, 1.14). The allelic imbalance was pronounced in the two striatal subregions, NAc and CP, with the T-allele transcript being three to five times more prevalent than the C-allele in the same animals in these regions ( Figure 1D ). These data strongly suggest that cis-REs linked to NT204321 generate individual variation in expression of Oxtr in select brain tissues.
To test whether NT204321 might serve as a marker to predict overall OXTR density in the NAc, we collected expression data for 12 brain regions (n 5 31) using autoradiography. Visual inspection of OXTR density across brain regions suggested that density in some regions covaried with NAc density, whereas density in other regions did not. Therefore, we used factor analysis to determine the correlation structure between OXTR density data from the 12 brain regions investigated. We hypothesize that correlations between OXTR densities from different brain regions can be explained by unobserved variables, possibly reflecting transcriptional processes giving rise to the patterns of correlation. Exploratory factor analysis is a method to identify such unobserved, latent variables. Our analysis revealed two factors together explaining most variance (58%). Factor 1 strongly reflects covariability in a set of regions involved in reward processing (NAc, CP, and olfactory tubercle), whereas factor 2 reflects covariation between cortical and subcortical regions that have relatively uniform levels of OXTR density (Table 1, a   Q7 ). We identified similar patterns when we investigated the associations between NT204321 and OXTR expression in the 12 brain regions, with regions loading into factor 1 being more related to genotype than regions loading into factor 2 ( Figure 2 ). We performed a second factor analysis in an additional sample (n 5 85) ( Table 1, b) , and this analysis, similar to the first one, revealed two factors explaining most of the variance. The OXTR binding in the NAc was almost perfectly correlated with the first factor, and binding in the insula was almost perfectly correlated with factor 2. Thus, further analyses including brain data focused on these two regions as representatives of factor 1 and factor 2.
The choice of NT204321 was not based on any assumption of functional importance, and we suspected that other SNPs across and outside the Oxtr transcribed region might be more closely associated with the cis-RE and better predict Oxtr expression. We first characterized the suite of polymorphisms across the Oxtr gene by sequencing 70 kb of DNA including   204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263   264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323 Genetic Control of Brain Oxytocin Receptors and surrounding the gene. Among the 45 voles we sequenced, we identified 967 SNPs with a read depth no lower than 100 reads, with a quality score of at least 1000, and for which all were variable in our sample. Figure 3A shows a quantilequantile plot for the association between the SNPs in the Oxtr sequence and NAc OXTR binding density. As can be seen in Figure 3A , many of the SNPs in our set were strongly associated with NAc OXTR density. We were primarily interested in identifying variants that could potentially be functional, and therefore we focused on the SNPs with the lowest p values (and largest effect sizes). As a result of linkage disequilibrium, 15 SNPs spanning a 30-kb region were associated with NAc OXTR density with the same minimal p value (p 5 1.06 3 10 215 , adjusted R 2 5 .78), which is a remarkable effect size for a genotype-phenotype relationship.
To assess whether any of the 15 most associated SNPs are more likely than others to lie in a putative cis-RE, we investigated their homology with regions of the mouse Oxtr gene that overlap with signatures of functional activity occurring within neural tissues where OXTR is expressed in the mouse (58) . We mapped a vole sequence containing these SNPs and surrounding sequence of 500 bp per SNP to the mouse Oxtr gene. We compared our vole sequences with 324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383   384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441 . A significant allelic imbalance was detected in the cDNA derived from the nucleus accumbens, caudate putamen, and amygdala, but not in cDNA derived from the prefrontal cortex or lateral septum. The striatal regions had very high allelic imbalance, with threefold to fivefold differences between alleles. The gDNA T and C alleles are amplified at equal levels in all tissues. *cDNA allelic ratio is significantly greater than a threshold calculated by the mean of the gDNA allelic ratio 1 3 gDNA standard deviations. Data are expressed as mean 6 SEM. Except for caudate putamen gDNA (n 5 6), n 5 7. Amyg, amygdala; Cl, claustrum; CP, caudate putamen; Ins, insula; LS, dorsal lateral septum; NAc, nucleus accumbens; PFC, prefrontal cortex. 504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561 Figure 3B ). The sequence containing NT213739 overlapped peaks of deoxyribonuclease hypersensitivity and CTCF binding within the large intron, a region proposed to contain cisREs in humans (20, 60, 61) . Based on this evidence, we chose to investigate the predictive power of NT213739 further in two additional samples.
Genetic Control of Brain Oxytocin Receptors
After genotyping additional voles (sample 2, n = 35; sample 3, n = 31) for NT213739, we confirmed the SNP was robustly associated with OXTR density in the NAc but not in the insula ( Figure 4A) . In both the second and the third independent samples investigated, our findings from the sequenced sample were very closely replicated. In all our relatively small samples, NT213739 was strongly associated with NAc expression (all p values , 4 3 10
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). Similarly, the effect size of this association was very large in all samples (adjusted R 2 $74%), strongly suggesting that NT213739 explains at least 74% of the variance in NAc expression of OXTR in prairie voles. The effect was marked, such that OXTR density values in the NAc between homozygous animals of the two genotypes did not overlap at all, whereas heterozygous animals displayed an intermediate phenotype.
To confirm that the association between NT213739 and receptor density is mediated through mRNA levels, we performed in situ hybridization on adjacent sections of brains from 31 individuals. We found that NT213739 is also significantly associated with Oxtr mRNA levels in the NAc ( Figure 4B ) and that mRNA levels and OXTR density were significantly correlated ( Figure 4C, D) . Together, these data suggest that NT213739 is strongly associated with transcriptional variation of the Oxtr gene and tightly linked to a cis-RE.
Because NT213739 robustly predicted NAc OXTR density, and NAc OXTR signaling is important for regulating partner preference formation in prairie voles, we sought to determine whether NT213739 would influence mating-induced partner preference formation, a measure of social attachment that involves social information processing and social reinforcement. Males of varying genotype were housed with a female for 6 hours and then tested in the partner preference test. There was a significant effect of genotype on partner preference formation, with C/C voles spending significantly more time huddling with the partner than the stranger, whereas C/T and T/T males did not display a partner preference ( Figure 5 ).
DISCUSSION
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. Data are shown as individual OXTR density (dpm/mg) or individual mRNA density (relative optical density) with trend line for the linear regressions. Ins, insula; NAc, Nucleus accumbens.
Genetic Control of Brain Oxytocin Receptors manner. Allelic imbalance is strongest in the striatum, and genotype-OXTR associations are most robust in this region. Exploratory factor analysis identified a cluster of striatalolfactory regions with correlated OXTR density. One intriguing interpretation of this finding is that the unobserved latent variable represented by factor 1 may reflect a set of transcriptional regulators with maximal effect on Oxtr expression activity in prairie vole olfactory-reward processing regions. Whatever transcription factor leads to the covariation appears to interact with the cis-REs associated with NT213739 to generate the high variation in expression observed in these regions but not other regions. In this manner, cis-REs appear to contribute exquisite control over OXTR and through this process influence behavioral diversity in prairie voles.
Little is known about the molecular mechanisms regulating brain region-specific Oxtr expression in any species. Prairie voles and montane voles display species-specific patterns of OXTR expression. Comparisons of 1500 bp of 5 0 flanking regions from the Oxtr gene reveal only a few SNPs and 99% homology between the species (62) . Transgenic mice carrying a reporter gene driven by 5 kb of the prairie vole Oxtr 5 0 flanking sequence express the reporter in the brain in a pattern resembling prairie voles (63) , suggesting the sequence may suffice for some aspects of brain region-specific expression. DNA methylation of Oxtr differs between brain regions in rodents (64, 65) . DNA methylation of OXTR in humans may be mediated by an intronic SNP (66) . In some rodent brain regions, OXTR expression is regulated by gonadal steroids in a species-specific manner. For example, testosterone increases OXTR in the hypothalamus of rats but decreases OXTR in mice (67, 68) . A better understanding of the molecular mechanisms underlying species differences and individual variation in Oxtr transcription in the brain is needed and may inform our understanding of how genetic variation in human OXTR relates to psychiatric phenotypes or responses to OXT-based therapies.
We found that prairie vole Oxtr expression is strongly influenced by polymorphic cis-REs that include or are associated with NT213739, a SNP in the intron of the gene. We focused our attention on NT213739 because, of 15 SNPs in perfect linkage disequilibrium with one another, only NT213739 mapped to a site in the mouse Oxtr intron with robust evidence of transcriptional activity. Such comparisons should be made with the understanding that transcription factor binding sites may differ among species (69) . We were particularly interested in the proximity of the mapped prairie vole sequence to a putative CTCF binding site, as CTCF binding peaks are found in the intron as well as near the promoter of both the mouse Oxtr ( Figure 3B ) and the human OXTR (20) . One role of CTCF is to act as a spatial organizer, aiding DNA looping to permit cis-RE-promoter interactions required for gene transcription (59) . Polymorphic cis-REs have been shown to influence CTCF binding (70, 71) and DNA looping (72) . In the human OXTR third intron, the CTCF peak is found near a SNP, rs237887, that was predicted to be near a cis-RE and associated with face recognition abilities (20) and ASD diagnosis (21) . Additionally, the human intron may contain other cis-REs (60) and accumulates rare SNPs in cases of ASD (61) . If the large intron of Oxtr contains cis-REs in multiple species, spatial organization of DNA by factors such as CTCF could offer a potentially general regulatory mechanism required for proper function of species or regionspecific cis-REs. Although this evidence provides a potential molecular mechanism by which NT213739 could lead to region-specific differential transcription, our current genotypephenotype relationships do not implicate NT213739 above any of the other SNPs in perfect linkage disequilibrium with it spanning the 30 kb. Future studies using large samples of more genetically diverse animals, including wild-caught specimens, may be needed to break this haplotype structure to identify which SNP is most likely functionally contributing to OXTR density variation. Furthermore, biochemical analyses, including chromatin immunoprecipitation followed by sequencing, chromosome conformation capture (73) , and in vitro transcription assays could be used to investigate interactions between CTCF binding, DNA looping, and Oxtr regulation.
One of the most remarkable findings of our study is the amount of OXTR density variance explained by genetic polymorphism. Our data suggest that NT213739, or any of the SNPs in perfect linkage disequilibrium with it, explain 74% of the variation in NAc OXTR. Behavioral genetic studies typically report that 1%-10% of the variance in behavioral phenotype is   684  685  686  687  688  689  690  691  692  693  694  695  696  697  698  699  700  701  702  703  704  705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743   744  745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801 802 803 Figure 5 . Nucleotide 213739 (NT213739) genotype influences partner preference formation in male prairie voles. The effect of genotype on behavior was investigated using two-way analysis of variance. The interaction of genotype 3 stimulus on huddling duration was significant (F 1,136 5 4.45, p 5 .037). Male animals with a C/C genotype (n 5 39) spent significantly more time huddling with the partner than the stranger, whereas animals with a C/T (n 5 13) or T/T (n 5 18) genotype did not. *Indicates a partner preference-mean partner huddling time is significantly greater than mean stranger huddling time (t test, p , .01). Data are expressed as mean 6 SEM. explained by candidate gene polymorphisms. We presume that OXTR density is biologically more proximate to genotype than behavior, and in typical behavioral genetic studies, many more variables are contributing to behavioral variation. Thus, direct measures of brain phenotype are likely to yield stronger effect sizes than reported in behavioral studies.
Prairie voles strongly express OXTR in regions of the MLR, a conserved neural network (74) involved in reward processing and implicated in numerous human psychiatric disorders, including depression (75), addiction (76) , and schizophrenia (77) . In a key region of the MLR, the NAc, OXTR activation is necessary for prairie vole partner preference formation (34) , and OXTR variation mediates individual differences in pair bonding behaviors (36) (37) (38) . In the present study, we confirm a genetic role for naturally occurring OXTR density differences that contribute to individual variation in social behavior (35, 39) . In addition to region-specific effects, OXTR signaling enhances functional connectivity within a network of regions during prairie vole pair bond formation (78) . Research in humans found that intronic OXTR variants predicted individual differences in functional connectivity between brain regions during the processing of social information (79, 80) . These results highlight a potentially conserved role for OXTR in social cognition between species despite likely differences in sites of expression. The prairie vole may prove a useful model to understand how individual differences in OXTR expression in key regions lead to variation in network connectivity.
A recent meta-analysis supports the conclusion that genetic variation in OXTR is associated with diagnosis of ASD (21) , and other authors have reported associations with endophenotypes of ASD (20, 81, 82) , including structural variability in brain regions relevant to social cognition (79, 83) . Such findings in humans call for a better understanding of molecular mechanisms regulating OXTR variation (21, 84) . The present study suggests that these genotype-phenotype relationships may be mediated by polymorphisms in cis-REs in the OXTR gene that influence OXTR density in a brain regionspecific manner.
In conclusion,
Q9
we used the prairie vole model to demonstrate for the first time that a single SNP can predict most variance in OXTR expression in specific brain regions. Further studies to identify functional mechanisms leading to this difference in Oxtr transcriptional activity may provide exciting insights into the precise genetic mechanism generating OXTR mediated diversity in social behavior, including human psychopathology . 924  925  926  927  928  929  930  931  932  933  934  935  936  937  938  939  940  941  942  943  944  945  946  947  948  949  950  951  952  953  954  955  956  957  958  959  960  961  962  963  964  965  966  967  968  969  970  971  972  973 Genetic Control of Brain Oxytocin Receptors
